Expectations about the environment influence motor behavior. In simple tasks, for example, prior knowledge about which stimulus event will likely occur or which response will likely be rewarded induces a tendency to take the favored action (i.e., a motor or response bias), especially when sensory information is sparse or ambiguous. Models of choice behavior account for this bias by weighting decision alternatives unequally, either at an early sensory-input stage or at a downstream motor-output stage. These two alternatives can be distinguished empirically; the former predicts an altered percept that correlates with motor bias, the latter predicts no perceptual effect. By varying the prior probability of target or reward location, we induced biased oculomotor responses in a brightness selection task with human subjects. We found that the induced motor bias was correlated with an amplification of both the sensory signals and internal noise underlying brightness perception, without a systematic change in perceived overall brightness. We also found that the magnitude of the sensory amplification was correlated with the amount of noise in the brightness percept, consistent with a multiplicative weighting factor located downstream from the limiting internal sensory noise. Our data demonstrate that prior knowledge (about target location or reward) shapes visual signals for perception and action in parallel but does not improve the quality (i.e., signal-to-noise ratio) of sensory processing.
Introduction
Manipulating behavioral context changes how animals respond to sensory stimuli. For example, behavior-shaping paradigms can reliably induce a motor bias (i.e., a tendency to favor one alternative action over another) favoring the alternative more likely to be correct (Tanner et al., 1956; Terman and Terman, 1972; McCarthy and Davison, 1984; Kustov and Robinson, 1996) or rewarded (McCarthy and Davison, 1984; Lauwereyns et al., 2002; Sugrue et al., 2004; Bendiksby and Platt, 2006; Ding and Hikosaka, 2006; Milstein and Dorris, 2007) . In this study, we reproduced this classic response bias using saccadic eye movements: a ballistic, short-latency (ϳ200 -250 ms) eye-movement response (Leigh and Zee, 2006) . It is, however, unclear whether the observed motor bias reflects a modulation of sensory processing (which would also alter perception) or of downstream decision or motor-output mechanisms. Although previous observations (Green and Swets, 1966; McCarthy and Davison, 1984) are consistent with either mechanism, we performed an experiment to distinguish between the two (Fig. 1) .
Output explanations for response bias predominate ( Fig. 1,  w 3 ). Signal detection theorists posit that sensory evidence remains fixed, whereas an altered response criterion induces bias (Swets, 1961; Green and Swets, 1966) . Choice theory allows alternative signals to be weighted differently but again downstream of a fixed sensory input (Luce, 1986) . Either way, bias arises from modulation at a decision or motor stage (w 3 ), leaving sensory inputs veridical and perception thus unchanged. Conversely, although earlier weights (Fig. 1 , w 1 and w 2 ) that alter sensory processing (Torgerson, 1958) have not been generally implicated in mechanisms of response bias, an early sensory weight is indeed possible and consistent with models of attentional modulation of perception. A weight before the addition of internal noise (w 1 ) predicts an increase in the signal-to-noise ratio (SNR) of visual processing (Reynolds et al., 2000; Carrasco et al., 2004) , whereas a weight after the addition of internal noise (w 2 ) predicts no change in the signal-to-noise ratio (McAdams and Maunsell, 1999; Williford and Maunsell, 2006) .
In the present study, we used a two-stage sequential motorperceptual task to induce bias in saccade choices and to measure the associated percept. The first stage required observers to make a saccadic response, which we biased by varying the a priori probability of target location or the probability of reward based on location. This induced saccadic bias was correlated with changes in perceptual responses to sensory signals and internal noise, but we observed no systematic change in perceived overall brightness. Our study demonstrates that prior knowledge (about target location or reward) shapes perception and action in parallel, ruling out neural mechanisms that place the modulation either (1) exclusively downstream from the sensory processing supporting perception or (2) upstream from the performance-limiting source of internal noise. These results are consistent with a sen-sory weighting factor that scales both sensory signals and internal noise to guide both perception and motor behavior using an amplification mechanism (McAdams and Maunsell, 1999) followed in contrast normalization (Heeger, 1992 (Heeger, , 1993 , rather than an increased sensitivity mechanism (Reynolds et al., 2000; Carrasco et al., 2004) .
Materials and Methods
Task. On each trial, subjects fixated a central cross for a randomized duration drawn from a truncated exponential distribution (Luce, 1986; Palmer et al., 2005) (mean, 700 ms; minimum, 200 ms; maximum, 5000 ms) to defeat possible temporal expectation of stimulus onset. Subjects were instructed to perform a two-stage task requiring a moderately difficult saccadic decision followed by a perceptual decision (Fig. 2) . In the first stage, two bright disks appeared on a background of pixel noise, 6°to the left and right of fixation, and subjects were instructed to make a saccade to the brighter of the two disks in a simultaneous two-alternative forced-choice (2AFC) motor task. They did so with a median latency of 247 Ϯ 52 ms (mean Ϯ SD across observers of median latency), indicating that the oculometric decisions in our task resulted from normal shortlatency saccadic processes (Carpenter, 1981; Carpenter and Williams, 1995; Leigh and Zee, 2006) . These open-loop saccades (see below) tended to be hypometric, with average amplitude of 3.0 Ϯ 1.1°(mean Ϯ SD across observers; range, 1.2-4.4°). Even within subjects, saccade amplitude varied considerably across trials, with an average SD of 0.6°(range, 0.5-1.0°). However, independent of this variability in saccade metrics, a binary "oculometric" saccadic choice was deemed "correct" if its horizontal component (leftward or rightward direction) was toward the brighter disk (Eckstein et al., 2001) . The proportion of correct saccades in the 2AFC motor task was 0.69, averaged across subjects and bias conditions (range, 0.62-0.79).
In the second stage, after initiation of the saccade (detected using a 1°p osition threshold during the online analysis), the two disks and central cross were extinguished and the latter was replaced by a test disk visible for only 250 ms. Thus, saccades were made without the benefit of visual feedback about localization accuracy (i.e., were open-loop), and we grossly matched the visual processing time and stimulus eccentricity for the motor and perceptual discriminations (Eckstein et al., 2001; Beutter et al., 2003) . Observers were then asked to report whether the disk selected by the saccadic choice or the later test disk was brighter in a sequential two-interval forced-choice (2IFC) perceptual task, using a button press to indicate their perceptual choice.
We used the traditional psychophysical methodology of button-press responses to report a 2IFC perceptual decision (Thurstone, 1927; Fechner et al., 1966; Green and Swets, 1966) . Why do we consider the mouse click a perceptual response and the saccade a motor response? The saccadic response is a short latency (ϳ250 ms), ballistic action whose continuous spatial metrics are naturally linked to the spatial properties of the stimulus and not necessarily linked to any conscious decision (indeed, one's subjective impression is often that the eyes do not always go where one wants them to). The mouse click is a longer latency (ϳ750 ms), thoughtful action that one can delay pending a deliberate decision and whose binary spatial metrics are arbitrarily mapped to encode a temporal 2IFC decision. These qualitative differences allow us to categorize the latter decision as "perceptual" as opposed to "motor."
Behavioral paradigms and bias conditions. We used two different contextual paradigms to induce oculomotor response bias: asymmetric prior probability and asymmetric reward schedule. Within each behavioral paradigm, there were three conditions: one favoring the right location, one favoring the left, and one neutral condition.
The prior-probability paradigm manipulated the probability that the brighter stimulus would appear in a particular location, giving the subject some prior knowledge about target location. Data for this paradigm were collected in six experimental sessions for each observer (except one, for whom only four experimental sessions were run), each consisting of the three conditions (75% rightward, 50% rightward, and 25% rightward in random order) in blocks of 200 trials. The observers were explicitly told of these prior probabilities before running each block, and all correct saccadic choices were deterministically (probability of 1.0) rewarded with an auditory tone during the intertrial interval.
The reward-schedule paradigm kept equal the prior probability that the brighter stimulus would appear at either of the two locations but differentially rewarded choices at the two locations according to a predetermined reward ratio. Using a reinforcement schedule developed in pigeon experiments (McCarthy and Davison, 1984) , we randomly assigned one of the two targets as "rewardable" with a fixed probability of 10, 50, or 90% (reinforcement ratios of 1:9, 1:1, and 9:1), depending on the condition. A reward was dispensed when the rewardable target was correctly chosen, and the randomization proceeded anew. This reinforcement schedule never rewards an incorrect saccade, guarantees that the obtained ratio of rewards for the two locations will be nearly equal to the predetermined reward ratio (within binomial error), and has the unique property that the obtained reward ratio cannot covary with the performance bias (McCarthy and Davison, 1984) . The data for the reward paradigm were collected in nine sessions consisting of six blocks of 200 trials (two for each of three reward conditions: 90% rightward, 50% rightward, and 10% rightward, in random order). Again, the subjects were explicitly informed of the bias condition before each block, and stochastically rewarded saccades were reinforced with auditory tones during the intertrial interval as described above.
Observers were trained to asymptotic performance (no systematic increase in performance on the 2AFC motor task from the previous session) before experimental data were collected. Two subjects were trained partially and then excluded from the experiment: one subject failed to perform above chance for perceptual discriminations in one visual hemisphere, another subject showed square-wave jerk eye movements, which generated an unacceptable level of false alarms with the saccadecontingent display.
Human subjects. We report data from five human subjects (three naive to the purpose of the experiment), all of whom gave informed consent for their participation in the studies. For the prior-probability paradigm, we collected data from all five subjects, and, for the reward-schedule paradigm, we collected data from three (one naive) of these same five sub- Candidate loci for bias effect. Models of choice behavior account for bias in motor responses by weighting the alternatives, at either the level of sensory processing (w 1 and w 2 ), consistent with an "attentional" interpretation, or a downstream motor-response stage (w 3 ), consistent with statistical theories that maintain a clear distinction between sensory and decision variables. The two possible attentional weights are placed before and after the performance-limiting additive internal noise ( v ), representing early and late modulations of visual processing, respectively. A weight placed before the noise (w 1 ) would enhance sensory processing by preferentially scaling signal with respect to internal noise, whereas a weight placed after the noise (w 2 ) would scale both equally; both predict effects on perception. A weight acting exclusively downstream from the sensory processing supporting perception (w 3 ) predicts that perception would remain unaltered.
jects, for a total of eight cases. A human use protocol was approved for this research by the NASA Ames Institutional Review Board (protocol HRII-06-25). Naive subjects were paid hourly for their participation ($10/h) and were paid an additional monetary incentive (maximum of $15.00) corresponding to rewards accumulated during the course of a session. Subjects were informed as to the prior probability or reward ratio before each block of trials and were encouraged to maximize their take-home pay (Green and Swets, 1966) .
Experimental setup and eye-movement recording. The experiment was executed using a Linux personal computer running custom-built software that controlled the timing of the experiment, displayed the stimuli, acquired the eyeposition data, and saved it to disk. All display events were recorded in the output data file, allowing precise (1 ms) registration with the eye-position data. Stimuli were displayed on an EIZO FlexScan T966 monitor with 1024 ϫ 768 resolution, calibrated to have maximum luminance of 80.0 cd/m 2 , gamma-corrected using a lookup table.
We sampled eye position at 240 Hz with a custom-built ISCAN eye-tracker, synchronized with the vertical refresh of our 60 Hz monitor. The eye-position traces were calibrated with six parameters (gain, offset, and cross-terms for horizontal and vertical) (Beutter and Stone, 1998) fit to the raw digital values for fixations at nine screen locations, which yielded a sample precision of better than 0.3°(SD of eye-position while fixating) and a fixation precision of ϳ0.01°(SEM eye-position across a fixation). In the offline analysis, saccades were detected by taking the correlation between a saccade-shaped velocity template and the horizontal eye-velocity trace (Krukowski et al., 2003) . We defined the binary oculometric decision and latency to be sign of the amplitude and onset time, respectively, of the first saccade larger than 0.5°. Trials containing back-to-back saccades to both locations (i.e., two saccades occurring within 200 ms of one another, or movements that turned around in midflight) were discarded. We also measured the horizontal location of eye position at the end of the fixation interval to determine whether the presaccadic fixation position varied across bias conditions. There was no systematic tendency across subjects to "lean" either toward or away from the favored location ( p Ͼ 0.05, paired t test across subjects).
Stochastic signal strength. We used stochastic, noisy stimuli in this study. To create each stimulus image, we started with a full-field background of Gaussian pixel noise (37.6 Ϯ 8.2 cd/m 2 ). For the 2AFC motor task, two Gaussian-blurred ( ϭ 1 pixel) disks of diameter 0.6°(15 pixels) were added to the background, 6°to the right and left of the central fixation cross, each framed by a black bounding box. Both disks were brightness-scaled versions of one original "signal template" that was normalized so as to have unit energy with respect to the background noise (i.e., dЈ for the ideal observer was 1.0); the "target" disk was scaled by a factor of 5.5 (a peak luminance of 6.3 cd/m 2 above the background), and the "distractor" disk was scaled by a factor of 4.2 (peak luminance of 4.7 cd/m 2 above the background). For each stochastic stimulus created, the signal strength for each specific instantiation (Gaussian-blurred disk plus background noise) was computed by calculating its detectability in dЈ units (Green and Swets, 1966) . This dЈ value is the square root of the energy in each stimulus instance (the magnitude of the projection of the signal template onto the stimulus) divided by the SD of the background pixel noise (Burgess et al., 1981; Eckstein et al., 2001) . The target and distractor disks were both easily detectable above the background noise, with distribution means reflecting the scaling (i.e., the signal strength ϮSD of target disks was 5.5 Ϯ 1.0 dЈ units and that of distractor disks was 4.2 Ϯ 1.0 dЈ units so the overall discriminability for the 2AFC motor choice task was only 1.3).
The test stimuli for the 2IFC perceptual choice were created and quantified in the same way as those for the 2AFC motor choice. In the priorprobability paradigm, the signal strength of the test disk was drawn at random from 10 Gaussian-distributed levels (range, 4.0 -7.0 Ϯ 1.0 dЈ units) and presented according to the method of constant stimuli. In the reward-schedule paradigm, the signal levels of the test disk varied over a large range (across five SNR levels ranging from 0.0 to 14.1 Ϯ 1.0 dЈ units) and were presented within a one-up-one-down staircase. Given that the signal strength in both paradigms was stochastic, after the experiment, all trials were rebinned according the actual sample signal strength as described above. Data analysis. The eye-position traces for each trial were visually inspected. Trials with blinks, saccades that turned around in midflight, or back-to-back saccades to both locations were eliminated (6 -11% of total trials across subjects). Furthermore, to guarantee that the perceptual judgments were based on peripheral viewing, we only included trials for which the saccade-contingent display change occurred within one frame (16 ms) of the saccade end (culling an additional 6 -9% of trials) in the data presented. A worst-case control analysis of the data for which the display change occurred before the end of the saccade was noisier (6 -37% of trials had to be discarded) but yielded qualitatively similar results.
Oculometric analysis. Oculometric analysis treats eye movements as discrete choices, which allows us to quantify precision and bias as with a psychometric function Stone and Krauzlis, 2003) . In Figure 3A -C, we quantify oculometric bias by plotting the proportion of leftward saccadic responses as a function of the difference in signal strength between the left and right disks (⌬S). Thus, the probability of a leftward saccadic choice as a function of the difference in dЈ between the left and right disks (⌬S) is given by the following:
The oculometric functions shown in Figure 3 are cumulative Gaussian fits to Equation 1 with two free parameters, and , using a Probit analysis (Finney, 1971) . The mean of this function () provides an objective measure of overall saccadic response bias. The above oculometric analysis was used to compute quantitatively the effect of our experimental conditions on the statistics of discrete saccadic decisions (the binary choice between a leftward or rightward stimulus) and to relate them to those of discrete perceptual decisions (quantified using the psychometric and signal-detection-theory analyses described below). However, to confirm that our "discrete" oculometric analysis (Eckstein et al., 2001 ) captured the impact of our experimental Figure 2. Two-stage task. The three images depict the three intervals of a trial, with eye position shown as a transparent red circle. After fixating a central cross for a randomized duration (leftmost image), two disks (the target and distractor) appeared on either side of fixation (Ϯ6°) added to a noisy background (middle image). Subjects were first asked to make a 2AFC saccadic choice (e.g., rightward-pointing red arrow) to the brighter disk (the target). After saccade onset, the saccade-target stimulus and central cross were extinguished and replaced by a test disk visible for 250 ms (rightmost image). Subjects were then asked to report via a button-press response whether the earlier saccadic choice (the peripherally selected right-hand disk in the middle image) or the later test disk (the peripherally viewed central disk in the rightmost image) appeared brighter in a 2IFC perceptual choice. The spatial eccentricity and exposure duration were thus approximately matched for the 2AFC motor choice and the 2IFC perceptual choice.
manipulations on oculomotor behavior, we also examined the effect of our bias conditions on "continuous" saccadic metrics within our motor task. We found only small, inconsistent changes in saccade amplitude across bias condition (see Fig. 8 A, B) , despite the dramatic and systematic changes in saccade decision behavior documented by our oculometric analysis (see Figs. 3, 4) . We also confirmed the well known effect of behavioral bias on response time (see Fig. 8C,D) .
Psychometric analysis. The perceptual task allowed us to quantify three aspects of an observer's perception: perceived overall brightness, perceptual gain, and perceptual noise. Perceived overall brightness is defined as the perceived brightness averaged over all trials (PSE in Eq. 2). Perceptual gain (G in Eq. 4) is defined as the slope of the function relating subjective perceived brightness to objective physical signal level. Perceptual noise ( in Eqs. 3 and 4) is defined as the amount of uncertainty in the percept (i.e., the SD of the psychometric curve).
For a given condition, we first pooled the psychophysical data across all trials for each subject (collapsing across all dЈ values, correct and incorrect responses, sessions, etc.) and fit the resulting the overall psychometric curve with a cumulative Gaussian (see Fig. 6 A, B) . The probability that a test disk of brightness T appeared brighter than the saccadetarget is then given by the following:
The overall psychometric functions shown in the top row of Figure 6 are cumulative Gaussian fits to Equation 2 with two free parameters, PSE and . Although the mean of this function (i.e., the classic point of subjective equality or PSE) gives a reliable measure of perceived overall brightness, these fits collapse across the variability in the signal strength of the saccadic target.
To take advantage of this variability and thus determine the perceptual gain, we first binned the distribution of chosen signal strengths into thirds, constructing psychometric functions for each bin (see Fig. 6C,D) . We then fit the three curves using Equation 3 with three independent PSEs but a single for each condition. These fits were then be used to quantify perceptual gain ( G) by linear regression of the relationship between the three PSE bin parameters and the average stimulus brightness of the bin (S bin ), i.e., by fitting PSE bin ϭ G * S bin ϩ ⌬. However, this approach still has the disadvantage of collapsing across all signal strengths within each of the three bins:
To maximize power in our dataset, we performed a continuous fit to Equation 4, effectively giving each point its own "bin," using a threeparameter fit that again assumes a fixed perceptual noise within each condition () and a linear relationship between perceived brightness ( B) and the actual brightness ( S) of the disk chosen by a saccade such that B ϭ G * S ϩ ⌬ for each particular instance of S:
To quantify the variability in our estimates of perceptual gain and noise for favored and unfavored choices, we made 1000 bootstrapped measurements of each. To make a bootstrapped measurement, we sampled N trials with replacement from the original dataset of N trials (i.e., some trials did not occur in the sampled set, other trials occurred multiple times). The added power and lower degrees of freedom of the continuous fit over the linear regression across three separate binned fits yielded ϳ20% less variability, based on the SD of the bootstrapped measurements (11% decrease for perceptual gain, 34% decrease for perceptual noise). The best-fitting estimates of G (perceptual gain) and (perceptual noise) for the three-bin and continuous fits were, however, similar (see Fig. 6 E) and well correlated (gain, r ϭ 0.93; noise, r ϭ 0.83).
Results

Induced motor bias in saccade responses
To examine the relationship between the neural signals shaping oculomotor responses and those modulating visual perception, we induced a response bias in saccadic eye-movement behavior and measured the associated brightness percept using a two-stage task. The first stage consisted of a motor selection; subjects were required to saccade to the brighter of two Gaussian disks of different brightness (Fig. 2, middle) . The median saccadic latency across observers ranged from 179 to 309 ms, typical of normal, short-latency, ballistic saccades (Carpenter, 1981; Carpenter and Williams, 1995; Leigh and Zee, 2006) . Using standard asymmetric probability and reward paradigms (see Materials and Methods), we shaped behavior by inducing a preference for one saccadic response, illustrated by the systematically shifted oculometric functions (Eckstein et al., 2001; Beutter et al., 2003) in Figure 3 . This classic behavioral effect (Green and Swets, 1966; Terman and Terman, 1972; McCarthy and Davison, 1984 ) was significant in all cases ( p Ͻ 0.001, within-subject ANOVA), with similar results for the asymmetric-probability and asymmetricreward paradigms. Figure 4 shows the well behaved average trend in saccade bias as a function of prior probability of target location (Fig. 4 A) and reward schedule (Fig. 4 B) .
Model predictions
Monte Carlo simulations of the three hypotheses ( Fig. 1 ) are shown in Figure 5 . A mechanism that alters motor-output signals (Fig. 5A ) to achieve bias predicts no change in perception (Fig. 5 , compare D, G), whereas sensory-input mechanisms (Fig. 5 B, C) that modulate visual processing predict perceptual changes (Fig. 5, compare E, H; F, G, respectively) , with important changes evident in visual accuracy and precision (Fig. 5J-L) . First, we quantified the gain of perception by measuring the change in perceived brightness as a function of changes in physical signal strength (i.e., the perceptual response to increments in sensory signals). For example, by subdividing the distribution of chosen signal strengths into thirds (Fig. 5D-I ), three separate psychometric functions can be generated to quantify the perceived brightness for binned levels of stimulus brightness. The percep- tual gain (i.e., the ratio of the shift between the psychometric means to the actual shift in mean signal strength) quantifies the relationship between perceived brightness and physical signal strength (an accuracy metric). The perceptual noise (i.e., the shallowness of psychometric curves) quantifies the performancelimiting internal neural noise (a precision metric). The three models make distinct predictions about perceptual gain and noise effects. A modulation of motor-output pathways (Fig. 5A ) leaves perceptual processing unaltered and serves as a useful comparison because perception remains veridical. An early visual modulation (Fig. 5B ) directly amplifies the sensory signal before the addition of internal noise. A late visual modulation (Fig. 5C ) also amplifies the sensory signal but downstream of the limiting internal noise. A-C show explicit simulations of the relationship between perceptual gain and perceptual noise for the three candidate mechanisms. Changes in a motor weight downstream of perceptual processes (Fig. 5A ) predict no systematic changes in either perceptual gain or noise (Fig. 5J ) . Changes in an early visual weight (Fig. 5B ) amplify sensory signals but not internal noise, predicting changes in perceptual gain but no change in perceptual noise (Fig. 5K ). Changes in a late visual weight (Fig. 5C ) amplify sensory signals and internal noise together, predicting correlated changes in perceptual gain and noise (Fig. 5L ). Note that, although both sensory mechanisms predict variation in perceptual gain, only the late visual mechanism predicts covariation of perceptual gain and perceptual noise.
Modulation of the associated percept
The second stage of our task (Fig. 2, right panel) consisted of a perceptual discrimination requiring subjects to decide whether a test disk was brighter or dimmer than the disk chosen in the first interval (i.e., the stimulus targeted by the saccade). By using a two-stage choice task, we were able to measure a subject's perception of the target disk independent of the distractor, because the target was compared with a third, neutral, test stimulus. From each subject's data, we performed three perceptual analyses (see Materials and Methods). First, we measured overall perceived brightness at the favored and unfavored location as the mean of the psychometric function constructed from all trials. In Figure 6 , A and B, for this subject, the mean at favored (black arrow) and unfavored (gray arrow) locations were indistinguishable from each other ( p Ͼ 0.05, bootstrap test), indicating no difference in perceived overall brightness between the two locations. Second, we quantified the perceptual response to increases in sensory signal strength by plotting separate psychometric curves for the dimmest, middle, and brightest third of saccade targets (Fig.  6C,D) . These binned curves illustrate the two perceptual effects: (1) the horizontal shifts in PSEs were greater in C than in D (i.e., perceptual gain increased), and (2) the psychometric functions were shallower in C than in D (i.e., perceptual noise increased). Linear regression of the three PSE measures was then used to calculate perceptual gain (Fig. 6 E, dashed lines) . Third, for each condition and location, we directly computed the perceptual intensity function relating the subjective psychometric response to the objective physical luminance for each presentation and used the best-fitting linear slope parameter ( G) to quantify perceptual gain (Fig. 6 E, solid lines) and the best-fitting uncertainty parameter () to quantify perceptual noise, by performing a continuous fit to the data using Equation 4 (see Materials and Methods).
To assess the robustness of these effects, we compiled the three perceptual measures across observers and conditions (Fig. 7A-C) . First, perceived overall brightness at favored and unfavored locations did not differ ( p ϭ 0.81, paired t test across all eight cases). To reduce the blurring caused by averaging across the brightness of the saccade choices and thus to increase our statistical power to detect small effects, we repeated this analysis as a function of the brightness difference between the test and saccade-chosen stimulus instead of the test brightness alone, but the difference between the overall perceived brightness at the favored and unfavored locations remained indistinguishable ( p ϭ 0.46, paired t test across cases). Second, perceptual gain was significantly higher at favored locations, with a mean difference of 0.18 (range, 0.02-0.30; p Ͻ 0.001, paired t test). Third, perceptual noise was also greater at favored locations, with a mean increase of 0.22 dЈ units (range, Ϫ0.08 to 0.65; p Ͻ 0.05, paired t test across cases). Thus, both the responsiveness to sensory signals and the level of internal noise were elevated for percepts at the favored location relative to the unfavored location. To compensate for the large variability across subjects, we normalized the data for each subject (by dividing by the subject's average measurement across the three bias conditions and two saccade directions) and plotted the normalized perceptual measurements as a function of bias condition (Fig. 7D-F ) . We observed significant correlations between bias condition and normalized perceptual gain ( p Ͻ 0.01, Pearson's R, r ϭ 0.35) and perceptual noise ( p Ͻ 0.01, Pearson's R, r ϭ 0.35) but not overall brightness ( p ϭ 0.44, Pearson's R, r ϭ 0.02).
Control for changes in saccade metrics
The 2AFC motor task required the subjects to make saccadic responses to visual targets about which they would later make perceptual discriminations. Given the systematic changes in perceptual responses (Fig. 7) , we plotted saccade amplitude and latency on the same sets of axes to determine whether saccade metrics showed similar systematic changes. As shown in Figure  8 A, the amplitudes of saccades to the favored location were not significantly different from those to unfavored locations (mean difference, Ϫ0.08°; range, Ϫ0.22 to ϩ 0.12°; p Ͼ 0.05, paired t test across cases). We did, however, observe significant withinsubject correlations ( p Ͻ 0.05, Pearson's R) between bias condition and saccade amplitude in 11 of 16 instances (8 cases ϫ 2 saccade directions), but these significant correlations had an average r of only 0.14 (range, Ϫ0.13 to ϩ0.24), and the small within-subject amplitude differences between favored and unfavored condition (typically only a few tenths of a degree) were nearly evenly split between increases and decreases. Furthermore, Figure 4 . Saccade bias. A shows the average saccade bias (ϮSEM across 5 subjects) for the three prior-probability conditions. B shows the average saccade bias (ϮSEM across 3 subjects) for the three reward conditions. the Ϫ0.08°average amplitude difference across cases was nearly an order of magnitude smaller than the within-subject variability in saccade amplitude (0.6°). Thus, an across-subject correlation analysis of saccade amplitude (normalized within subject by dividing by the average amplitude across conditions and saccade directions) shows no significant effect of bias condition ( p ϭ 0.19, Pearson's R, r ϭ Ϫ0.13) (Fig. 8C) .
It could, however, be argued that we had insufficient measurement or statistical power to resolve eye-position effects at or below 1 ⁄10 of a degree, so we performed an additional control analysis. To further test the possibility that small differences in saccade amplitude across conditions might somehow have given rise to the observed perceptual modulations, we subdivided the saccade amplitude distribution into halves and examined perceptual gain increases (favored minus unfavored) for different pairings of the data subsets to examine the effect of post hoc imposed systematic differences in saccade amplitude. In the original dataset, we observed, on average, a perceptual gain increase of 0.18 and a noise increase of 0.22 dЈ units with the amplitude of saccades to favored locations, on average, 0.08°smaller than those to unfavored locations. When the subset of trials associated with small-amplitude favored saccades was compared with that with largeamplitude unfavored saccades, the saccades to favored locations were, on average, 0.90°s maller than those to unfavored locations, but the perceptual gain effect of 0.15 and noise effect of 0.31 dЈ units were indistinguishable from those obtained from all trials (gain, p ϭ 0.68, paired t test across cases; noise, p ϭ 0.52, paired t test across cases). When the subset of trials associated with large favored saccades were compared with that with small unfavored saccades, the saccades to favored locations were, on average, 0.90°larger than those to unfavored locations, but the perceptual gain effect of 0.21 and noise effect of 0.12 dЈ units were again indistinguishable from those obtained with all trials (gain, p ϭ 0.78, paired t test across cases; noise, p ϭ 0.68, paired t test across cases). Thus, even if one artificially imposes systematic differences in saccade amplitudes between bias conditions, our main findings remain unchanged.
We did, as expected, observe significant changes in latency associated with favored choices. As shown in Figure 8B , saccades to the favored location occur with shorter latency than saccades to unfavored locations, with an average difference of 33 ms across observers (range, 19 -55 ms; p Ͻ 0.0001, paired t test across cases). An analysis of saccade latency across observers (normalized within subject by dividing by the average latency across conditions and saccade directions) shows the well known effect of bias condition on response time ( p Ͻ 0.0001, Pearson's R, r ϭ Ϫ0.72) (Laming, 1969; Carpenter and Williams, 1995) . Thus, response times for favored movements are shorter than for unfavored movements, ruling out the possibility that observed perceptual enhancement of favored stimuli resulted from a longer period of visual processing (i.e., the observed gain increase at favored locations cannot be attributable to a speed-accuracy tradeoff).
Correlation between perceptual and motor effects
The observed perceptual effects (Fig. 7) are directly related to the independently measured saccade response bias (Fig. 4) . As shown in Figure 9 , the correlation between the differences in the perceptual measures and the saccadic motor bias was significant for both perceptual gain ( p Ͻ 0.01, Pearson's R, r ϭ 0.54) and noise ( p Ͻ 0.01, Pearson's R, r ϭ 0.58) but not for perceived overall Figure 1 , each representing a putative location for the modulation. The middle rows (D-I ) show predicted perceptual responses for each of these models, for a simulated psychophysical choice for a favored stimulus (D-F, weighted by a factor of 2.0) or an unfavored stimulus (G-I, weighted by a factor of 0.75). In each case, the simulated observer compares the weighted sensory signal with a neutral test stimulus and chooses the "brighter" of the two. For each model, three psychometric curves were constructed from trials using the dimmest, middle, and brightest third of the stimulus luminance distribution, respectively. These three curves illustrate the effect of hypothetical weighting factors on input sensory signals and internal noise: weighting factors that scale sensory signals amplify the shift between the means of the psychometric functions (E vs H, F vs I ), but the motor weighting model (D vs G) does not; weighting factors that occur downstream of internal sensory noise decrease the slopes of the psychometric curves (F vs I ), but the early visual weighting (E vs H ) or motor weighting (D vs G) models do not. The bottom row of J-L shows the predicted relationship between perceptual noise (i.e., SD of the cumulative Gaussian fits) and perceptual gain (i.e., shift between the means of the cumulative Gaussians for the 3 curves) for 20 uniformly distributed weight levels (0.5-2.0) for each model. For the motor model, perceptual gain and noise vary stochastically around a single fixed value (J ). For the two visual weighting models, perceptual gain converges to w and perceptual noise varies around a fixed value (K ); for the late visual weighting model, perceptual gain and noise covary (L).
brightness ( p Ͼ 0.05, Pearson's R, r ϭ 0.30). We repeated this analysis by taking the ratios of the perceptual measures and found similar qualitative results (overall brightness, r ϭ 0.34, p Ͼ 0.05; perceptual gain, r ϭ 0.42, p Ͻ 0.05; perceptual noise, r ϭ 0.61, p Ͻ 0.01).
Correlated changes in perceptual gain and noise
We also found a highly significant ( p Ͻ 0.0001, Pearson's R, r ϭ 0.68) relationship between perceptual gain and noise (Fig. 10 A) . As model predictions illustrate (Fig. 5L) , this strong correlation is consistent with an early weighting factor that scales both the sensory signal and internal noise (but does not rule out additional weighting in motor-output pathways). The linear asymptotic slope at high perceptual gain is consistent with a sensoryprocessing mechanism that maintains a fixed signal-to-noise ratio. The non-zero asymptotic offset at low perceptual gain is inconsistent with a single source of visual internal noise ( v ) but is consistent with additional additive perceptual noise ( p ) downstream (Stone and Krauzlis, 2003) . The addition of a downstream noise source ( p ) significantly improves the fit (slope parameter only, reduced 2 ϭ 6.1; slope and offset parameters, reduced 2 ϭ 2.8; p Ͻ 0.0001).
Discussion
Our two-stage task requiring back-to-back motor and perceptual decisions reveals that standard manipulations known to induce a motor "response" bias (Figs. 3, 4 ) also generate changes in the accuracy and precision of the associated percept (Figs. 6, 7) . Furthermore, the observed changes in perceptual gain and noise are correlated with the observed bias in motor choices (Fig. 9) . Last, perceptual gain and noise covary across conditions (Fig. 10 A) . This ensemble of findings indicates that the neural modulation that shapes oculomotor behavior is implemented at a visualprocessing stage shared with perception, yet after the dominant internal noise source (Fig. 5C, 10B ). Signals related to saccade response bias have been reported in various visuomotor areas, including supplementary motor area , lateral interparietal area Sugrue et al., 2004; Bendiksby and Platt, 2006) , frontal eye fields Thompson et al., 2005; Ding and Hikosaka, 2006) , caudate nucleus (Lauwereyns et al., 2002; Ding and Hikosaka, 2006; Lau and Glimcher, 2007) , and the superior colliculus (Kustov and Robinson, 1996; Basso and Wurtz, 1998; Dorris and Munoz, 1998; Horwitz and Newsome, 1999; Ikeda and Hikosaka, 2003; Fecteau et al., 2004; Milstein and Dorris, 2007) , but our observed effect likely arises within earlier circuits in visual cortical areas (McAdams and Maunsell, 1999; Treue and Martinez Trujillo, 1999; Reynolds et al., 2000; Williford and Maunsell, 2006) that support brightness perception (Huang et al., 2002; Murphey and Maunsell, 2007) .
Isn't this just a saccade-coupled shift in spatial attention?
The design of our experimental paradigm ensures that the visual stimulus we probed with psychophysics was always the target of an executed saccadic eye movement. As numerous reports have related, the mechanisms underlying eye movements and attention are fundamentally interconnected (Goldberg and Wurtz, 1972; Kowler et al., 1995; Gee et al., 2008) , and it has even been suggested that motor circuits supported the evolution of attentional mechanisms (Rizzolatti et al., 1987; Sheliga et al., 1994; Kustov and Robinson, 1996) . Given this interconnection, it could be argued that the observed perceptual effects would be expected from attentional modulations caused by, or linked to, the occurrence of the saccade. Differences in the shifts of spatial attention driven by, or associated with, saccade occurrence, however, cannot explain our findings. First, saccade occurrence per se (and any saccadecoupled shift in spatial attention) cannot explain the differential nature of the observed perceptual effects because our perceptual measures were always made with respect to favored and unfavored locations targeted by a saccade. Second, the systematic difference in perceptual gain and noise (Fig. 7) at the favored and unfavored location were not associated with any systematic difference in the amplitude of the associated saccadic eye movement (Fig. 8) . Together, our results argue that the differential perceptual modulation at favored and unfavored locations is related to differences in a priori probability of saccade occurrence to these locations but is not linked to either the occurrence itself or the size of the movement. The shift between these functions shows the change in perceived brightness as a function of the physical signal strength of the chosen stimulus increased (perceptual gain). The shallowness of these functions quantifies the amount of uncertainty in the perceptual response (perceptual noise). For clarity, all psychometric functions (A-D) only plot points derived from at least four trials. In E, the filled circles plot perceived brightness (PSEs of the 3 psychometric curves from Eq. 3) as a function of signal strength at the favored (black) and unfavored (gray) locations. Dashed lines show a linear regression across these three points (favored slope, 1.33; unfavored slope, 0.77); solid lines show a continuous fit to the psychophysical data using Equation 4 (favored slope, 1.49; unfavored slope, 1.05). Both methods indicate higher perceptual gain at the favored location. All subsequent figures report quantitative measures of perceptual gain using the continuous measure, but the results are qualitatively similar using the binned method.
Our perceptual results likely arise from magnitude differences in modulations of visual responses within shared perceptual and oculomotor pathways, as opposed to differences in the magnitude of shifts in the spatial locus of attention. Although a clear distinction between the magnitude of attentional weighting and the spatial locus of attention can and should be made, these two properties do not exist in isolation. Thus, we are not arguing for two independent mechanisms, but the absence of any difference in the amplitude of saccades made to the favored and unfavored locations (Fig. 8) argues that differences in spatial attention shifts cannot account for our main finding (Fig. 7) . Furthermore, the categorical dissociation of our main findings and saccade size in our control analysis rules out the idea that the observed perceptual differences between favored and unfavored locations arose from systematic differences in either saccade amplitude or the retinal eccentricity of the test stimulus, although additional studies will be needed to tease out any subtle interactions between saccade metrics, saccade timing, and perceptual performance. Regardless of any such extraneous effects, the present study allows one to constrain where and how the biasing modulation occurs in the cascade of sensorimotor processes.
Localizing the neural mechanism
Attentional modulations of neuronal activity in visual area V4, for example, have been modeled using a gain element directly amplifying the stimulus (Reynolds et al., 2000) or located downstream (McAdams and Maunsell, 1999; Williford and Maunsell, 2006) of the contrast-response (Reynolds et al., 2000; Williford and Maunsell, 2006) and orientation-tuning (McAdams and Maunsell, 1999) functions. If attention amplifies the sensory signal before the performance-limiting noise source (Fig. 1, w 1 ) , it would afford the observer better viewing of the attended stimulus by preferentially amplifying the input signal with respect to subsequent additive internal noise, thereby enhancing the signal-tonoise ratio (Reynolds et al., 2000; Carrasco et al., 2004) . If attention amplifies the sensory signal after the performance-limiting noise source (Fig. 1, w 2 ) , both sensory signals and internal noise will increase, thereby maintaining a constant signal-to-noise ratio (Eckstein et al., 2007) .
Surprisingly, the perceptual effect we observed does not improve signal-to-noise ratio. Psychometric functions for favored locations are actually shallower (Fig. 6C,D) such that perceptual noise increases linearly with gain ( Fig. 10 A) , consistent with a weight that scales noise as well as signal, keeping signal-to-noise ratio constant (Fig. 5C,L) . Rather than enhancing signal-to-noise ratio (Prinzmetal et al., 1997; Reynolds et al., 2000; Carrasco et al., 2004) or lowering a motor-output threshold (Swets, 1961; Green and Swets, 1966; Luce, 1986) , our data are consistent with a mechanism that uses a sensory weighting (Fig. 10 B, w) to shape human motor action by making sensory percepts "louder" (i.e., both more intense and noisier) but not "clearer" (i.e., no increase in the signal-to-noise ratio) (Krauzlis et al., 2005; Eckstein et al., Figure 7 . Perceptual effects. The top row compares three perceptual metrics at the favored and unfavored locations (A, overall perceived brightness; B, perceptual gain; C, perceptual noise) by plotting their means across all eight cases (5 subjects in asymmetric prior-probability paradigm, and 3 in the asymmetric reward paradigm). Error bars represent the one-tailed 95% confidence intervals of the bootstrapped measurements, justified by the a priori hypothesis that the favored condition would yield higher values. For perceptual gain, these increases were significant in seven of eight individual cases ( p Ͻ 0.05, bootstrap test). For perceptual noise, these increases were significant in three of eight individual cases ( p Ͻ 0.05, bootstrap test). The bottom row (D-F ) shows the average perceptual measures, normalized within each subject's data, plotted as a function of bias condition (U, unfavored; N, neutral; F, favored). Error bars represent SEM across cases and directions (8 cases ϫ 2 directions). Whereas bias condition has significant effects on normalized perceptual gain ( p Ͻ 0.05, one-way ANOVA) and normalized perceptual noise ( p Ͻ 0.05, one-way ANOVA), there were no such effects on normalized overall brightness ( p ϭ 0.80, one-way ANOVA). The raw measures of overall brightness and perceptual noise have the units of the stimulus (dЈ), perceptual gain and the normalized measures are unitless. A contains two data points that very nearly overlap (at 6,6). A compares the mean amplitude of saccades made to the favored and unfavored locations. Each circle represents data from one case (1 subject in 1 bias paradigm), and the 95% confidence interval is smaller than the circle in all cases. B compares the median latency of saccades made to the favored and unfavored locations (same conventions as A). Again, the 95% confidence interval is smaller than the circle in all cases. C shows the average saccade amplitude, normalized within subject (by dividing by the subject's average amplitude across conditions and saccade directions) plotted as a function of bias condition (U, unfavored; N, neutral; F, favored; p ϭ 0.44, one-way ANOVA). Error bars represent SEM across cases and saccade directions. D shows the average saccade latency, normalized within subject (by dividing by the subject's average latency across conditions and saccade directions) plotted as a function of bias condition ( p Ͻ 0.0001, one-way ANOVA). ) and rightward (filled symbols) choices, all three biased conditions, and all eight cases (48 points). Each symbol shape represents data from one case. Across subjects, this correlation was significant (Pearson's R, r ϭ 0.68, p Ͻ 0.0001); within subjects, the correlation was significant in five individual cases ( p Ͻ 0.05). Perceptual noise has the units of the stimulus (dЈ); perceptual gain is unitless. B is a schematic of a mechanism that can account for all of our observations. An input sensory signal is perturbed by visual internal noise ( v ). Both are then scaled by an extraretinal weighting factor (w) before the split between perceptual and motor-output pathways, thus accounting for the correlation between the gain and noise of the percept and between both of these and saccade bias. Additional sources of output noise ( p and m ) are then added to the scaled signal, introducing unshared variability into the percept and saccadic choices, predicting an overall perceptual noise of perceptual ϭ ͱ͑ v w͒ 2 ϩ 2 p (solid black line in A). Last, a normalization process prevents the attentional weight from causing a change in perceived overall brightness.
